Olfactory neuroblastoma (ONB) is a malignant tumor of the nasal mucosa whose histogenesis is unclear. A relationship to neuroblastoma (NB), a pediatric tumor of the sympathetic nervous system, is based on morphologic similarities and the expression of similar neural antigens. However, the clinical presentation of ONB differs from that of NB, and MYCN amplification characteristic of NB is not observed. We have therefore examined the relationship of this malignancy to other classes of neural tumors. appear to act as aberrant transcription factors (10). Identification of EWS/FLI1 and EWS/ERG fusion transcripts by reverse transcription PCR (RT-PCR) has formed the basis of a sensitive and specific diagnostic test for pPNETs (11).
transcripts with in-frame junctions between exon 7 of EWS and exon 6 of FLII as described for pPNETs. We identified similar gene fusions in four of six primary ONB cases. None of the cases expressed tyrosine hydroxylase, a catecholamine biosynthetic enzyme widely expressed in NB. Our studies indicate that ONB is not a NB but is a member of the pPNET family.
Primitive sarcomas often lack phenotypic features of their cell of origin and are therefore very difficult to classify. This has important clinical implications as accurate diagnosis in large part determines the chosen therapeutic strategy for these malignancies. The class of poorly differentiated malignancies known as the peripheral primitive neuroectodermal tumors (pPNETs) occurs most frequently in adolescents and young adults and includes Ewing sarcoma, peripheral neuroepithelioma, and Askin tumor. These tumors are thought to have a neural cell of origin based on limited neuroectodermal development (reviewed in ref. 1 ). In addition, neural differentiation can be induced in vitro by treatment of cultured tumor cells with retinoic acid and nerve growth factors (2, 3) . Greater than 95% of pPNETs show t(11;22)(q24;ql2) or t(21;22)(q22;ql2) chromosomal translocations which are considered specific for this tumor class (4) . These translocations fuse the 5' portion of the EWS gene on chromosome 22q12 in-frame to either of the two Ets family transcription factor genes, FLI1 on 11q24 (5, 6) or ERG on 21q22 (7) (8) (9) . Resultant fusion genes express chimeric proteins which are capable of cell transformation and
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appear to act as aberrant transcription factors (10) . Identification of EWS/FLI1 and EWS/ERG fusion transcripts by reverse transcription PCR (RT-PCR) has formed the basis of a sensitive and specific diagnostic test for pPNETs (11) .
Olfactory neuroblastoma (ONB) is a tumor of the nasal cavity that was first described in 1924 by Berger et al. (12) . Since that time the histogenesis of this tumor has been vigorously debated, giving rise to a variety of other names, including esthesioneuroblastoma, olfactory neuroepithelioma, and others (13) . A neural derivation is indicated ultrastructurally by the presence of dense core neurosecretory granules and neuritic processes within tumor cells and immunohistochemically by expression of neurofilament protein, neuron-specific enolase, and S-100 protein (14) (15) (16) (17) . Several anatomical origins of ONB have been suggested, including the sympathetic fibers of the anterior nasal cavity, the neuroectodermal cells of the olfactory placode, the sphenopalatine ganglion, and the organ of Jacobson (13) . The proposed relationship to neuroblastoma (NB) implied in the name is based on morphologic similarities to primitive forms of NB, the identification of norepinephrine and dopamine ,B-hydroxylase (a key enzyme in the metabolic pathway of catecholamine synthesis) in a case of ONB (18) , and a possible origin from sympathetic fibers of the nervus terminalis located in the anterior nasal cavity. Unlike NB, however, ONB rarely occurs in early childhood, tends to behave less aggressively than NB, and is rarely associated with catecholamine secretion (13, 15) . Moreover, the superior location of ONB within the nasal vault favors an origin from neuroectodermally derived cells of the olfactory placode. These clinicopathologic considerations have led to the alternative hypothesis that ONB is related to the pPNET family of primitive sarcomas.
Although morphologically similar, a number of molecular features distinguish pPNETs and NBs. The t(11;22) and t(21;22) chromosomal translocations and gene fusions described for pPNETs have never been observed in NBs. Instead, these malignancies demonstrate amplification of the MYCN protooncogene in about 30% of the cases (19, 20) , and a similar proportion have allelic losses of the distal short arm of chromosome 1 (21, 22) . NBs are associated with catecholamine secretion, and expression of tyrosine hydroxylase, the ratelimiting enzyme in catecholamine biosynthesis, has been used diagnostically for the detection of residual NB cells (23) . In contrast, pPNETs do not secrete catecholamines (13) , and tyrosine hydroxylase is not expressed in these tumors (24 but express the c-MYC protooncogene (25) . Alterations of chromosome 1 in pPNETs have been described but these primarily involve chromosome lq (26) .
We previously reported the establishment of two ONB cell lines, TC-268 and JFEN, derived from young adult patients with ONB (27) . Both patients presented with olfactory mucosal tumors showing classical pathologic features of ONB. Characterization of the cell lines demonstrated a protooncogene expression pattern typical of pPNETs (25) , with expression of c-MYC but not of MYCN. Moreover, both cell lines demonstrated cytogenetic abnormalities of chromosomes llq and 22q (27) ; JFEN showed a t(11;22)(q21;q12) while TC-268 displayed deletions involving both llq and 22q. These cytogenetic findings are suggestive though not diagnostic of pPNETs (28) . A t(11;22)(q24;q12) has also been described by others in a case of ONB (29) . To further study the relationship of ONB with the pPNET family of neural tumors, we have now tested TC-268 and JFEN for the presence of the EWS/FLII gene fusion. We report that both of these cell lines and four of six primary ONB tumors expressed EWS/FLI1 fusion transcripts indistinguishable from those observed in pPNETs. These data indicate that ONB is not a NB but is a member of the pPNET class of neural tumors.
MATERIALS AND METHODS
Cell Lines and Primary Tumor Tissue. The ONB cell lines TC-268 and JFEN have been described (27) (30) , the NB cell lines IMR-32, LAN-1, and SAN-2 (31), as well as the rhabdomyosarcoma cell lines CTR and TC-487 (32) have also been reported. All reagents were from the Sigma unless otherwise stated.
RNA and DNA Analysis. Total RNA was isolated from cell lines (33) and from primary tumor tissue (11) as described. Conventional Southern blot analysis was performed using 10 ,ug of genomic DNA per sample isolated from cell lines (34) .
Northern analysis was performed according to standard methods (34), using 20 ,tg of total RNA for each sample. Complementary DNA probes for EWS and for FLII have previously been reported (7) . Probes for Northern and Southern analysis were radiolabeled by random primer extension.
Fluorescence in Situ Hybridization (FISH). Slides containing metaphase and interphase spreads of TC-268 and JFEN were used for dual-color FISH studies. Slides were denatured at 70°C for 2 min and then hybridized overnight at 37°C under low stringency conditions (50% formamide/2X SSC), using EWS/FLI1 gene fusion probes flanking the t(11;22)(q24;q12) breakpoint. These consisted of three cosmid contigs from the EWS locus and another three contigs from the FLII locus, cloned into the pWE15 cosmid vector (Stratagene) and labeled with biotin and digoxygenin, respectively (35) . Detection was carried out using fluorescein-labeled avidin and rhodaminelabeled anti-digoxigenin (Oncor). Chromosomes were counterstained with 4',6-diamidino-2-phenylindole and visualized using an Olympus BH2 microscope equipped with Olympus BP495 filters and a triple bandpass filter (Omega BP 405).
RT-PCR. RT-PCR detection of EWS/FLI1 or EWS/ERG fusion transcripts was performed as reported, using total RNA as starting material (7, 11) . Oligonucleotide primers used for PCR included the FLIu-specific primer ESBP-2 (7), 11.3, which detects FLI1 and ERG sequences (5, 11) , and the EWS-specific primer ESBP-1 (7) . RT-PCR detection of tyrosine hydroxylase expression was carried out using previously reported methods and primer pairs (23, 36) . Amplified products were analyzed by electrophoresis using 2% agarose gels and stained with ethidium bromide.
Cloning and Sequencing of PCR Products. PCR products were purified from 2% low-melting point agarose gels using ,B-agarase (New England Biolabs). Purified products were then cloned using the Invitrogen TA cloning system (version 1.3) as described by the manufacturer. Direct sequencing of purified recombinant plasmid DNA was performed on an ABI Applied Biosystems 373A DNA sequencer, using Sp6, T7, m13 reverse, and m13 forward (-20) (7) (8) (9) . Cytogenetic analysis of the TC-268 and JFEN ONB cell lines revealed alterations involving 22q in each case (27) . We therefore investigated whether the EWS gene might be rearranged in these tumors. Southern blot analysis using an EWS cDNA probe showed additional bands in both cell lines, indicative ofEWS gene rearrangements, as did two pPNET cell lines (see Fig. 1 ). Two NB cell lines and a control cell line showed only germ-line bands. These results were confirmed using at least two other restriction enzymes (data not shown).
FISH Analysis of ONB Cell Lines. Original cytogenetic analysis of TC-268 revealed deletions of both llq and 22q, while JFEN showed a t(11;22)(q21;ql2) (27) . As and EWS-specific ESBP-2 revealed amplified products for TC-268 and JFEN that were identical to those observed for the two pPNET cell lines, TC-32 and TC-71, known to express EWS/FLI1 gene fusions. Three NB cell lines and a rhabdomyosarcoma cell line were negative for products; the presence of intact cDNA for these cases was confirmed by amplification using control primer sets. The above results were confirmed by hybridizing the observed PCR products with an EWS oligonucleotide probe (11) (data not shown) and could be reproduced when several independently derived cryopreserved passages of each cell line were tested. These results therefore indicate fusion of EWS to FLI1 in TC-268 and JFEN. To confirm the identity of the observed amplification products, we cloned and sequenced PCR products from TC-268 and JFEN. Sequence analysis revealed in-frame fusions between exon 7 of EWS and exon 6 of FLI1 that were identical to those described for type 1 EWS/FLI1 fusions of pPNETs (5, 8, 11) (data not shown). These data confirm that RT-PCR products detected in ONB represent amplification of EWS/FLI1 fusion transcripts with junctional sequences identical to those observed in pPNETs.
To independently demonstrate the expression of the EWSI FLI1 gene fusion in ONB, we performed Northern analysis of total RNA isolated from TC-268 and JFEN. Northern blots hybridized with an EWS cDNA probe revealed, in addition to a 2.2-kb germ-line EWS band, a 3.1-kb species in both cell lines that comigrated with an EWS/FLII fusion band present in TC-32 cells (see Fig. 4 ). This aberrant band was not detected in a NB control cell line. When the blot was stripped and reprobed with a FLI1 cDNA probe, only the 3.1-kb band present in TC-268, JFEN, and TC-32 hybridized the probe (see Fig. 4 ). These data confirm the identity of the 3.1-kb species as the EWS/FLI1 fusion transcript.
RT-PCR Analysis of Primary Tumors. To demonstrate that EWS/FLI1 fusion transcripts were present in primary tumors, we performed RT-PCR using RNA isolated directly from original frozen tumor tissue used to establish TC-268 and JFEN. As shown in Fig. 3B , results identical to those in Fig. 3A were obtained using ESBP-1 and ESBP-2 oligonucleotide primers. These results were confirmed using ESBP-1 in combination with another FLIl-specific primer, 11.3 (5, 11) , and by hybridizing the observed PCR products with an EWS oligonucleotide probe (11) (data not shown). We also tested four additional ONB cases that had frozen primary tumor tissue available for RT-PCR analysis. Clinical information for these cases is presented in Materials and Methods. As shown in Fig.  3B , two of the four cases demonstrated amplification products using EWS-and FLIu-specific primers. Cloning and sequencing of the PCR products revealed type I EWS/FLI1 gene fusions in each case (data not shown). The two cases that failed to demonstrate amplification products were also negative using ESBP-1 in combination with the 11.3 primer, which detects both EWS/FLI1 and EWS/ERG fusion transcripts (7). We therefore investigated whether other variant translocations involving EWS were present in these cases. As genomic DNA was not available for Southern blot analysis of EWS gene rearrangements, we performed Northern blot analysis of total RNA from each case using an EWS cDNA probe. Neither case demonstrated an aberrant EWS transcript (data not shown). Moreover, 3' rapid amplification of cDNA ends failed to detect aberrant amplification products using several EWS oligonucleotides as 5' primers (data not shown). These data strongly argue against the presence of EWS gene fusions in the two negative cases, although they do not rule out this possibility. Expression of EWS/FLI1 fusion transcripts could therefore be detected in four of six primary ONB cases analyzed in this study.
To further compare ONB with classical NB, we tested TC-268, JFEN, and all six primary tumors for expression of tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis. This enzyme is known to be widely expressed in NBs but not in pPNETs (23, 36) . As shown in Fig.   5 , the IMR-32 NB cell line demonstrated tyrosine hydroxylase expression, while neither the TC-268 and JFEN cell lines nor the six primary ONB tumors expressed this gene. These data are consistent with our hypothesis that ONB is not related to classical NB but is instead a member of the pPNET family. 
DISCUSSION
In the present study, we have shown that two ONB tumors previously shown to have karyotypic abnormalities of llq and 22q both express the EWS/FLII gene fusion generated by the t(11;22)(q24;q12). Two of four additional primary ONBs tested demonstrated identical gene fusions using original tumor tissue for analysis. EWS/FLI1 or EWS/ERG chimeric proteins [expressed by the EWS/ERG gene fusion of t(21;22)(q22;ql2) translocations] have been detected in tumors with the t (11;22) or the t(21;22) by immunoprecipitation using specific antisera (6, 7). The EWS/FLI1 protein transforms NIH 3T3 cells in culture (6) , and transfected NIH 3T3 cells form tumors when injected into nude mice (D.L.-T., T.J.T., and C. T. Denny, unpublished data). The chimeric oncoprotein localizes to the nucleus and appears to act as an aberrant transcription factor (10) . EWS/FLI1 fused to a Gal-4 DNA-binding domain is a much more potent transcriptional activator of reporter constructs containing Gal-4 binding sites than is the same Gal-4 domain fused to FLI1 (10) . In the present study, Northern analysis of RNA from TC-268 and JFEN revealed an aberrant band hybridizing to both EWS and FLI1 cDNA probes that comigrated with the EWS/FLI1 fusion transcript of the TC-32 pPNET cell line. Moreover, sequence analysis of cloned RT-PCR fusion products from each of the ONBs tested showed in-frame fusions between exon 7 of EWS and exon 6 of the FLI1 gene. This pattern is identical to that previously described for type I fusions of pPNETs, the most commonly detected EWS/FLII fusion in this class of tumors (8) . These data suggest that the EWS/FLI1 chimeric protein plays a similar oncogenic role in olfactory neuroblastomas.
Our data fail to support the notion of a direct relationship between ONB and NB. In concordance, the primary ONB cases in this study all failed to express tyrosine hydroxylase, a key enzyme in the biosynthetic pathway of catecholamines. Our studies have demonstrated that ONB cell lines and primary tumors express EWS/FLI1 gene fusions, suggesting instead a relationship to pPNETs. Consistent with this is the clinical presentation of ONB, which is more in keeping with the pattern of pPNETs (13) , and the observation that ONBs express the c-MYC protooncogene as opposed to MYCN (25, 27) . Furthermore, it has been demonstrated that tumors of neuroectodermal origin with the t(11;22) express insulin-like growth factor I (IGF-I) (37) . In that study, the JFEN cell line strongly expressed IGF-I, while all 15 neuroblastoma cell lines tested were negative (37) .
Two of the six primary ONB cases failed to demonstrate EWS/FLI1 or EWS/ERG gene fusions (see Fig. 3B ). Our studies also failed to reveal evidence of other variant translocations involving the EWS gene in these two cases, although we have not unequivocally ruled out this possibility. Alternatively, there may be heterogeneity among tumors diagnosed as ONB (38) . This tumor is known to have a bimodal age distribution, with one peak in late adolescence or early adulthood and another at 55 years of age (39) . Interestingly, both negative cases were patients aged 50 years or older. It is therefore RT-PCR using primers spanning separate exons of the human tyrosine hydroxylase gene was performed on total RNA as described (23, 36 Medical Sciences: Sorensen et al. 5 possible that cases diagnosed as ONB in older patients represent yet another phenotypically neural tumor unrelated to pPNETs, and the two negative cases in the present study may be examples of this entity.
The finding of the same cytogenetic and molecular genetic abnormalities in each member of the pPNET family provides the most compelling evidence to date of a common histogenesis for this group of tumors. The pPNETs are hypothesized to originate from neural crest-derived embryonic neuroectoderm, which is known to be widely dispersed in human tissues (40) . Consistent with this, Ewing sarcoma and peripheral neuroepithelioma occur in bone and soft tissues of a variety of different anatomic sites. We have recently provided evidence that primitive forms of another childhood sarcoma, malignant ectomesenchymoma (MEM), express the EWS/FLIJ gene fusion and should also be included in the pPNET family (41) . MEMs show very primitive neural features in addition to a malignant mesenchymal (principally rhabdomyoblastic) component (reviewed in ref. 41 ). The origin of MEMs is thought to be the ectomesenchymal cell (40) , which is a widely distributed pluripotential neuroectodermal derivative with the ability to differentiate not only into neural tissue but also along various mesenchymal lineages, including skeletal muscle (40, 42) . Askin tumor, defined as a soft tissue pPNET of the chest wall region, and ONB are more limited in their locations, possibly reflecting particularly high concentrations of neuroectodermal cells at these sites. The wide distribution of pPNETs brings up the interesting possibility that members of this tumor family are actually derived from postganglionic parasympathetic nerve cells, as has been suggested by others (25) . Consistent with this is the absence of tyrosine hydroxylase expression in pPNETs, including ONBs, but expression instead of choline acetyltransferase, an enzyme involved in cholinergic transmitter biosynthesis (25, 41) . The finding of pPNETassociated gene fusions in ONB is intriguing for several reasons. First, while ONB shows the most overt neural differentiation of pPNETs, there is also evidence for epithelial differentiation in these tumors (43, 44) . Therefore, as with primitive MEMs (41), our results provide evidence for similar gene fusions in phenotypically diverse tumors. Second, the finding of epithelial features in some of these tumors calls into question the notion that the cells of origin of pPNETs have only neural or mesenchymal differentiation capacity and suggest a possible derivation of at least some tumors from neuroepithelium, as is suggested for neuroendocrine tumors such as small cell carcinoma of the lung. An alternative hypothesis, given the increasingly widespread phenotypic diversity seen in pPNETs, is that the neural (including parasympathetic) or neuroepithelial phenotypes observed in the tumor cells of origin are the result of local inductive effects on primitive precursor cells with the capacity for more widespread differentiation than previously appreciated.
The theme is therefore emerging that widely distributed but histogenetically related cells with the capacity for neuroectodermal differentiation may acquire common genetic alterations and give rise to a family of morphologically primitive neural tumors. Whether these cells are particularly susceptible to chromosomal rearrangements that lead to EWS/FLII or EWS/ERG gene fusions remains to be determined. ONB therefore joins Ewing sarcoma, peripheral neuroepithelioma, Askin tumor, and primitive MEM as a member of the pPNET family. As a tumor family, pPNETs are now the second most common soft tissue tumors in adolescents and young adults (1) . The number of tumors in this class may continue to increase as the histogenesis of peripheral neural tumors is more clearly understood, and as more nosologic entities are tested for EWS/FLI1 or EWS/ERG gene fusions.
